Extracellular matrices (ECM) derived from pluripotent stem cells (PSCs) providea unique tissue microenvironment that can direct cellular differentiation and tissue regeneration, and rejuvenate aged progenitor cells. The unlimited growth capacity of PSCs allows for the scalable generation of PSC-secreted ECMs. Therefore, the derivation and characterization of PSCderived ECMs is of critical importance in drug screening, disease modeling and tissue regeneration. In this study, 3-D ECMs were generated from decellularized undifferentiated embryonic stem cell(ESC) aggregates(AGG), spontaneously differentiated embryoid bodies 
Introduction
The microenvironment ofstem cells plays an essential role in directing cellular differentiation and tissue morphogenesis.
A critical component of the stem cell microenvironment, or "niche", is the extracellular matrix (ECM), which not only provides adhesion sitesfor the cells, but also sequesters growth factors and interacts with the cells through intrinsic signaling pathways [1] [2] [3] . Stem cells secrete distinct profiles of ECMs thatcoordinate the signaling cascade during self-renewal and lineage commitment. These ECMs provide a spectrum of signaling networks corresponding to the specific tissue development stage that areabsent in the ECMs derived from somatic cells [4] [5] [6] . For example, mesenchymal stem cell (MSC)-derived ECMs preserve the stem cell niche,which maintains the long-term re-population ability of hematopoietic stem cells [4] . In addition, ECMs derived from "young" stem cells (i.e.,
MSCs isolated from young donors) canrejuvenate aged progenitor cells, indicating the importance of niche properties during tissue aging and regeneration [7] . These native cellderived ECMs become the unique biomaterials that can serve as the substrates, scaffolds, growth factor carriers, and even the bioinks in 3-D printing for various in vitro culture and in vivo transplantation studies [5, 8, 9] .
Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), secrete a large amounts of ECM components, such as fibronectin, laminin, collagen type IV, and glycosaminoglycans [10] [11] [12] . ECM proteins are found to be involved in several signaling pathways (e.g., BMP, TGF-β, FGF, Nodal, and Wnt) that affect tissue development through the binding of the ligands (e.g., integrins) that trigger intracellular signaling [13] . PSC-deposited ECMs also contain numerous growth factors such as Lefty and
Cerberus, which may direct the survival and function of the re-populated cells [14] [15] [16] [17] .
However, the signaling capacity of PSC-derived ECMs to act as the embryonicmicroenvironment is not well understood.
To further explore the signaling capacity of PSC-derived ECMs based on our previous study [22, 24] , three types of ECMs were derived from decellularized undifferentiated ESC 
Materials and methods

Undifferentiated mouse ESC culture
Murine ES-D3 cells (American Type Culture Collection, Manassas, VA) were maintained on 0.1% gelatin-coated 6-well plates as previously reported [22] . The expansion medium was composed of Dulbecco's Modified Eagle's Medium (DMEM), 10% ESC-screened fetal bovine serum (FBS, Hyclone, Logan, UT), 1 mM sodium pyruvate, 0.1 mM β-mercaptoethanol, penicillin (100 U/mL), streptomycin (100 µg/mL) (all from Life Technologies, Carlsbad, CA), and 1000 U/mL leukemia inhibitory factor (LIF, Millipore, Billerica, MA).
Generation of undifferentiated aggregates, spontaneous EBs, and NPC aggregates
Undifferentiated aggregates were generated by seeding cells from ESC monolayersinto Ultra-Low Attachment(ULA) 6-well plates (Corning Incorporated, Corning, NY) at 1×10 6 cells per well in growth media containing LIF [22] .The aggregates were cultivated for 4 days and used to derive ECM scaffolds. For spontaneous EB formation,1×10 6 ESCs were seeded in ULA plates in 3 mL of differentiation medium (DMEM plus 10% FBS without LIF). The EBs were cultivated for 4 days and used to derive ECM scaffolds.To generate NPC aggregates,ESCs were seeded at 1×10 6 cells in 3 mL of DMEM-F12 plus 2% B27 serum-free supplement (Life Technologies) [25, 26] . After 4 days,1 µMall-trans retinoic acid (RA) (Sigma-Aldrich, St. Louis, MI) was added to enrich neural lineage. Afteran additional 4 days, the resulting NPC aggregates were collected to derive ECM scaffolds.
Decellularization to generate ECM scaffolds
Decellularization of ESC-derived aggregates was performed as previously described [22] .
Briefly, about 600-1000 undifferentiated aggregates (AGG), spontaneously differentiated embryoid bodies (EB), or ESC-derived neural progenitor cell (NPC) aggregates were distributed into each of 1.5 mL microcentrifuge tubes and treated with sterile 1% Triton X-100 (Sigma) for 11 30 min. After the treatment, the samples were spun at 18,000g for 2 min, rinsed twice with phosphate buffered saline (PBS), and incubated with 2,000 unit/mL DNAse I (Sigma) for 30 min. The samples were then centrifuged at 18,000 g for 2 minand rinsed with PBS prior to subsequent experiments.About 90 μg proteins of acellular matrices were generated per million of day 0seeded cells for aggregate formation. The morphology and topography of the ECM scaffolds have been characterized previously [22, 24] .
Undifferentiated human iPSC culture
Human iPSK3 cells were derived from human foreskin fibroblasts transfected with plasmid DNA encoding reprogramming factors OCT4, NANOG, SOX2 and LIN28 (kindly provided by Dr. Stephen Duncan, Medical College of Wisconsin) [27, 28] . Human iPSK3 cells were maintained in mTeSR serum-free medium (StemCell Technologies, Inc., Vancouver, Canada) or knockout serum replacement (SR) medium supplemented with FGF-2 (40 ng/mL) on 6-well plates coated with Geltrex(Life Technologies) [29] . The SR serum-free medium contains 80% DMEM, 20% knockout SR, 1 mM L-Glutamine, 0.1 mM β-mercaptoethanol, and 0.1 mM nonessential amino acids. The cells were passaged by Accutase dissociation every 5-6 days and seeded at 1×10 5 cells per cm 2 in the presence of 10 μM Y27632(Sigma) for the first 24 hours.
Cell reseeding and cultivation on the decellularized ECMs
Undifferentiated ES-D3 cells were seeded at 0.5×10 5 per mL on the decellularized ECMs in ULA 24-well plates as previously described [22] . The cells self-assembled into aggregates and were associated with ECM scaffolds during the culture (Supplementary Figure 1) . The cells were cultivated for 4 days for short-term study and three passages for long-term study in growth media without LIF (a suboptimal growth condition of ES-D3 cells to assess cell fate decisions 
Biochemical assays
The supernatants were analyzed for glucose and lactate with YSI 2700 Select™ Biochemistry Analyzer (Yellow Spring Instruments, Yellow Spring, OH). The lactate yield from glucose metabolism(mol/mol) was calculated asthe ratio of lactate production to glucose consumption. The value around 2.0indicates anaerobic metabolism andthe ratio is usually in the range of 1.0-2.0for aerobic metabolism. For ALP assay, the cells were digested with lysing buffer (PBS with 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 mg/ml PMSF, and 3% aprotinin). Cell lysate with the substrate was incubated at 37 o C for 15 min, stopped using 0.5 N NaOH, and the amount of p-nitrophenol liberated was determined at 415 nm on a microplate reader (Bio-Rad, Philadelphia, PA). 
BrdU proliferation assay
ES-D3 cells grown in different ECM scaffolds were replated and assessed using BrdU staining [25] . Briefly, the cells were incubated in growth medium containing 10 µM BrdU (Sigma) for 90 minutes. The cells were then fixed with 70% cold ethanol, followed by a denaturation step using 2N HCl/0.5% Triton X-100 for 30 minutes in the dark. The samples were reduced with 1 mg/mL sodium borohydride for 5 minutes and incubated with mouse anti- 
Protein extraction of decellularized ECMs
Proteins from decellularized ECMs were isolated, digested with trypsin, and prepared using a filter-aided sample preparation method with some modifications [30] . Briefly, the samples were homogenized in 2% sodium dodecyl sulfate (SDS), 100 mM dithiothreitol (DTT), 100 mM Tris (pH 8.0), and sonicated for 50 s. The SDS was removed by filtration and replaced with8 M urea in 100 mM Tris (pH 8.5) after centrifugation at 14,000g for 15 min. For alkylation of cysteine residues, extracts were incubated with 50 mM iodoacetamide in dark for 30 min.
After centrifugation at 14,000 g for 15 min, the urea buffer was replacedby 100 mM ammonium bicarbonate. Protein concentrations were determined using the Bradford Assay (Bio-Rad).
Trypsin digestion was carried out overnight at 37ºC at 1:50 enzyme-to-protein ratio.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
The digested protein from each sample (AGG, EB, and NPC) was analyzed in triplicate on an Orbitrap Velos Pro (Thermo Fisher) using a Thermo Easy-nLC-II separation. Following 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 injection, the sample (1 μg) was loaded onto an EASY C18-A1 guard column (20 mM × 0.1 mM, 5 μM particle size) for desalting at 6 μL/min for 2.5 min of Buffer A (0.1% formic acid); retained peptides were separated on a Thermo EASY C18-A2 column (100mM × 0.075 mM, 3 μM particle size). The elution gradient was 0% to 45% Buffer B (100% acetonitrile in 0.1%formic acid) in 60 minutes. Data analysis was performed using Proteome Discoverer (Thermo Scientific, version 1.4.0.288) and Scaffold software (Proteome Software, version 4.4.1.1) based on the Mus Musculus Swissprot reference proteome database. Data sets were filtered using gene ontology classification for cellular components based on the terms "extracellular proteins".
Immunocytochemistry
The cells on ECM scaffoldswere replated in 24-well plates coated with Geltrex. For immunocytochemistry, the cells were fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.2-0.5% Triton X-100 except for surface marker NCAM. The samples were then blocked and incubated with mouse monoclonal or rabbit polyclonal primary antibodies (Supplementary Table 1 
Flow cytometry
To quantify the levels of pluripotent and neural marker expression, the cells on ECM scaffolds were trypsinized for flow cytometry. Briefly, 1×10
6 cells per sample were fixed with 4% PFA and washed with staining buffer (2% FBS in PBS). The cells were permeabilized with 100% cold methanol, blocked, and incubated with primary antibodies against Oct-4, Nestin, 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 Musashi-1, and β-tubulin III followed by the corresponding secondary antibody: Alexa Fluor® 488 goat anti-Mouse IgG 1 , Alexa Fluor® 488 or 594 goat anti-Rabbit IgG (Supplementary Table 1) .
For surface markers NCAM and KDR, the cells were stained without permeabilization. The cells were acquired with BD FACSCanto™ II flow cytometer (Becton Dickinson) and analyzed against isotype controls using FlowJo software.
Western Blotting
Cell pellets were lysed in the buffer of 50 mM Tris-HCl pH 7.4, 1% NP40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, and 0.02% Sodium Azide. After centrifugation, the protein concentration of the lysed samples was determined via bicinchoninic acid assay. Each protein lysate (20 µg) was resolved on a 10% running/4% stacking SDS-PAGE gel for 30 min at 50 V then at 120 V till end. Proteins were then transferred overnight at 4 o C onto nitrocellulose membranes. Then the blots were blocked with 5% milk PBS-Tween 20 (PBST) solution for one hour. After blocking, blots were probed with 0.05 µg/ml β-catenin or 1:10,000 β-actin antibody in 1% milk PBST for 2 hours at room temperature. After washing, each blot was incubated with 1:20,000 anti-rabbit or 1:5,000 anti-mouse secondary antibody for one hour. Finally, blots were washed, incubated for 5 min in SuperSignal® West Pico Chemiluminescent Substrate (Thermo), and then developed onto Kodak X-ray film.
Statistical analysis
Each experiment was carried out at least three times. days. Glucose consumption and lactate production indicated cell density-dependent metabolic activity, with higher density having higher consumption especially for the AGG and the EB groups ( Figure 1A, 1B) . The metabolic activity of NPC group was much lower than the corresponding AGG and EB groups. The lactate to glucose ratio (mol/mol) was higher for the EB and NPC groups at 1×10 5 and 2.5×10 5 cells/wellthan the AGG group (2.0-2.2 vs. 1.5-1.7),indicating more aerobic metabolism for the AGG group at low densities ( Figure 1C ).
However,this ratio was comparable (1.8-2.0 mol/mol) for all three groups at 5×10 5 cells/well.
The expansion folds of the AGG and the EB groups were higher than the NPC group, especiallyat the densities of 2.5×10 5 and 5×10 5 cells/well( Figure 1D ). Based on these results, the density of 5×10 5 cells/well was used for the following study. ES-D3 cells were then grown on different ECMs for three consecutive passagesin the absence of LIF. Cell numbers at each passage werethe highest for the AGG group and lowest for the NPC group (Figure 2A) . Consistently, the AGG group had the highest level of BrdU + cells(59±9%) andthe NPC group had the lowest level(25±6%), indicating that the AGGgroup stimulated cell proliferation better thanthe EB group (49±5%) and the NPCgroup (Figure 2B ).
Sustained ALP activity was observed for the AGG group, while ALP activity decreasedover time for the EB and the NPC groups ( Figure 2C) . After three passages, the AGG group contained the highest percentage of Oct-4 + cells (80.4%), followed by the EB group (66.0%) and the NPC 17 group (29.2%) ( Figure 2D) . Thus, AGGECM maintained the expression of undifferentiated markersfor the reseeded cells while NPCECM down-regulated these markers.
Neural differentiation of ESCs grown on different ECM scaffolds
The ES-D3 cells grown for three passages on different ECM groups were able to differentiate into the three germ layersfor all the ECM groups (Supplementary Figure 2) . The differentiation into neural lineage was further examined (Figure 3and Supplementary Figure   3 ). The cells from the NPC group expressed abundant neural markers, including Nestin, Musashi-1, NCAM, and β-tubulin III ( Figure 3A) . Quantification of neural markers by flow cytometry showed high levels of neural markers(39% Nestin, 68% Musashi-1, 39.4% NCAM, and 70.8% β-tubulin III) for the NPC group, while the cells from the AGG and the EB groups had low levels of neural marker expression (2-4% Nestin, 32-38% Musashi-1, 5-12% NCAM, and 0.3-2.2% β-tubulin III) ( Figure 3B ). These data indicate that the NPC group preferably induces ES-D3 cells to differentiate into neuronal cells compared to the AGG and the EB groups.
Human iPSC expansion on different ECM scaffolds
To further examine the regulatory capacity of different ECMs, human iPSK3 cells were seeded onto different ECMs in SR medium plus FGF-2 (40 ng/mL) for three passages. Human iPSK3 cells expressed high levels of Oct-4 and Nanog prior to the experiments (Supplementary Figure 4A) . Starting in the second passage on ECMs, the cells displayed cystic morphology for the NPC group while the cells of the AGG and the EB groups maintained undifferentiated aggregates ( Figure 4A) . After three passages, the cells from the AGG and the EB groups continued to express high levels of Oct-4 and Nanog, while a substantial portion of the cells from the NPC group showed no expression ( Figure 4A ). Flow cytometry analysis showed 89-90%
Oct-4 + cells forthe AGG and the EB groups, but only 56% for the NPC group ( Figure 4B and Supplementary Figure 4B) . Finally, cell numbers at the end of each passage were consistentfor 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 the AGG group but decreased over time for the EB and the NPC groups ( Figure 4C) . These results indicate that the AGG and the EB groups can bettermaintain theundifferentiated markers inhuman iPSK3 cells when compared withthe NPC group.
Neural differentiation of human iPSCs grown on different ECM scaffolds
Analysis revealed that human iPSK3 cells grown on each ECM group were able to differentiate into cells of the three germ layers (Supplementary Figure 4C) . (Figure 5B-ii) . These data indicate that the NPC ECM can enhance neuronal differentiation of human iPSK3 cells when compared to the AGG and the EB groups.
Proteomic analysis of ECMs
2-D electrophoresis analysis was conducted with samples from the AGG group and the NPC group tagged with fluorescent dye Cy2 (green) and Cy5 (red) respectively (Supplementary Figure 5) . Differential protein expression was observed, indicating different expression profiles in the AGG and the NPC ECMs. The composition of different ECMs was further analyzed using LC-MS/MS. Theresults showed that ECMs from the NPC group displayed more distinct difference (284 proteins, 27%) than the EB ECMs (169 proteins, 16%) or the AGG ECMs (95 proteins, 12%) ( Figure 6A) . Data sets were also filtered using gene ontology classification for cellular components based on the term "extracellular proteins". Differential expression of key 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 matrix proteins in the three ECM groups was observed( Figure 6B ). The NPC group had higher spectral counts for laminin subunits alpha-1, alpha-5, gamma-1, and heparan sulfate proteoglycan core protein [31, 32] . It also had high levels of heat shock proteins and no serum albumin (due to serum-free culture condition). Representative proteinsrelated to ECMs and growth factors identified in the "NPC group only" included collagen IV alpha 2, laminin B1, glypican, activity-dependent neuroprotective protein (ADNP), neuron-derived neurotrophic factor (NDNF), and hepatoma-derived growth factor (HDGF) etc. (Figure 6C) . These results revealthe distinct differencesof both ECM composition and neurotrophic proteins in the NPC group when compared to the AGG and the EB groups.
Characterization of Wnt/β-catenin signaling
Given the importance of Wnt/β-catenin signaling during PSC lineage commitment and the interaction betweenthe Wnt signaling pathway and ECM proteins [18, 33] , various forms of β-catenin were examined in cells grown on thedifferent ECMs (Figure 7A-i) . High expression of β-catenin and transcription-active β-catenin was observed for ES-D3 cells grown onthe AGG and the EB groups, while reduced expression was observedfor the NPC group. Consistently, Western blot analysis showed strong bands of β-catenin andubiquitinated β-catenin (mediating the degradation and turnover of β-catenin) forthe AGG and the EB groups, but weak expressionwas observed for the NPC group (Figure 7A-ii) .A similar observation was made for human iPSK3 cells,withhigher expression of β-catenin incells from the AGG and the EB groups butlower expression incells from the NPC group (Figure 7B) . Becauseα-catenin binds to the cadherin-β-catenin complex and bridges the complex to cytoskeleton actin [34] , α-cateninexpression was also examinedand the trend was consistent with β-catenin expression (Supplementary Figure 6) . 3 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Discussion
Dynamic ECM composition and ECM-ligand interactionscan actively coordinate the signaling cascade during stem cell lineage commitment, and provide the signaling specificity corresponding to the specific stages of tissue development [4] [5] [6] . In this study, ECMs derived from different types of PSC aggregates demonstrated differential effects on mouse ESC and human iPSC expansion and neural differentiation, indicating a critical role of ECMs in stem cell fate decision.
For ECMs derived from undifferentiated PSCs, the reseeded cells were able to maintain proliferative ability and pluripotent marker expression. The ECMs secretedby undifferentiated cells resemble embryonic microenvironments, and the presence of embryonic regulators and factors in transforming growth factor (TGF)-β/Nodal and Wnt signaling pathways, such as Lefty A and B, Cerberus, and sFRP1/2, have been observed in the secreted matrix proteins [14, 17] .
Undifferentiated human ESCs have also been demonstrated to secrete FGF-2, which can interact with ECM components through heparin-binding [16] . For example, matrix-bound FGF-2 has 21 been shown to interact with the secreted ECMs and stimulate human MSC proliferation [15, 35] .
AGG-derived ECMs may have implications in studying aging and tissue homeostasis [14, 36] .
For spontaneous EBs, ECMs derived from day 4 EBs showed similar cellular responses to the ECMs derived from day 4 undifferentiated aggregates. However, the EB group showed slightly higher β-catenin expression compared to the AGG group, which may bias the cells towards mesodermal lineage commitment [37] . The secreted ECM-mediated growth factorsfrom EBs includevascular endothelial growth factor (VEGF), bone morphogenetic protein 4, and insulin-like growth factor 2, which promote proliferation and migration of fibroblasts and endothelial cells [38] . Increased ECM protein expression including collagen IV, fibronectin and vitronectin has also been observed during EB development [22, 23] . EB-derived ECMs can be re-populated with 3T3 fibroblasts or mouse ESCs for applications in wound healing and cell culture [10, 21, 22, 39] , or directly injected in vivo to promote bone formation [40] .
The ECMs derived from NPCs reduced pluripotent marker expression and enhanced neuronal differentiation of the reseeded cells. Decellularized ECMs from neural tissues of central nervous system (CNS) were shown to retain VEGF and FGF-2 [41] [42] [43] [44] . Reseedingadult neural stem cells on these ECMs can increase neuronal differentiation and promote neurite extension especially when compared tothe ECMs derived from non-CNS tissues (e.g., urinary bladder) [42, 43] . With limited sources of CNS tissue, NPCs differentiated from PSCs have the potential to create a spectrum of stem cell ECM nichesat various points along neural lineage commitment. While the ECMs in the present study were derived from day 8 NPCs, ECMs can be derived from various time points and allow forfurther investigations into microenvironment remodeling during neural tissue development.
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Characterization of stem cell-derived ECMs provides insights on the ECM composition and the signaling networks that contribute to the stem cell fate decisions [45] . Based on proteomic analysis,ECMs derived from NPCs were more distinctlydifferent from thosederived from undifferentiated aggregates and EBs. This result partially explains the different cellular response tothe ECMs derived from NPCs compared to the AGG and EB groups. NPC-derived ECMs also expressed higher levels of matrix proteins that promote neural tissue development, such as laminin-related peptides, heparin sulfate proteoglycan core protein, and collagen IV.
Laminin and heparin sulfate have been shown to promote neuronal and glial cell differentiation from neuronal progenitor cells [32, 46] . In addition, NPC-derived ECMs retain several neurotrophic and neuroprotective proteins such as NDNF, ADNP, and HGDF. ADNP and HDGF have neuroprotective functions [47, 48] . NDNF has fibronectin type III domain and can promote migration and neurite growth of mouse hippocampal neurons [49] . Both the ECM composition and the ECM-sequestered proteins are thought to participate in the modulation ofthe reseeded PSC fate decision [50] [51] [52] .
Human PSCs providean unlimited source of progenitors at different developmental stages that can be used to re-populate acellular matrices [53] . For example, reconstructionof myocardium and vascular structures was demonstrated using human iPSC-derived multipotential cardiovascular progenitor cells that re-populate decellularized heart matrices [54] . Islet cellderived matrices with distinct molecular composition and the controlled moduluscan direct human ESC differentiation into -cells [55] . Human iPSC-derived neurons cultured on the acellular matrix derived from porcine brain showed dendrite formation and synapsin expression [56] . Our results indicate that human iPSCs can adapt their early stage fate decision according to the embryonic ECM microenvironment towards neural lineage commitment.
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The reduced β-catenin expression in the cells grown on NPC-derived ECMs in our study demonstrates the influence of Wnt/β-catenin signaling mediated by the ECMs during early stage of PSC ectodermal differentiation. Temporal modulation of Wnt/β-catenin signaling has recently been found to play an important role in PSC self-renewal and lineage specification [33, 57, 58] .
Undifferentiated PSCs express high levels of β-catenin at the cell membrane due to the formation of cadherin-catenin complexes, whilenuclear translocation of β-catenin activates Wnt signaling [59] .
Inhibition of Wnt signals was found to promote anterior structure and enhanceneurectodermal differentiation, while local activation of Wnt signaling posteriorized EBs and promoted mesendodermal differentiation [58] . [57] .
Duringthe late stage of neural differentiation from human PSCs, Wnt inhibition was found to promote telencephalic specification and ventral patterning of telencephalic neural precursors [60] . Moreover, in the presence of endogenous Wnt signaling, NPCs adopted a posterior neural fate and expressed higher levels of hindbrain and spinal cord markers [61] ,while in the absence of endogenous Wnt signaling, NPCs expressing forebrain and anterior-specific markers were enriched [61] . Since Wnt signaling can be mediated by ECMs, future study is needed to elucidate the influence of different ECMs on neural tissue patterning.
Changes in the spatial localization and phosphorylation state of β-catenin expression can be regulated during the PSC aggregation process by modulating culture systems [37, 59] . For example, both the speed of rotary culture and 3-D microwell culture modulate β-catenin expression in PSC aggregates, affecting the subsequent mesoderm and cardiomyocyte 24 differentiation [37, 59] . Our study implies that Wnt/β-catenin signaling can also be affected by the ECMs surrounding the cells. In particular, matrix components such as biglycan, syndecan, glypican, and heparan sulfate are able tomodulate the activation or inhibition of Wnt/β-catenin signaling [18, 19] . While further investigation is required to show the direct binding of Wnt ligands or inhibitors tospecific ECM proteins, the present study demonstrates the influence of acellular ECM microenvironment on intracellular Wnt signaling.
Conclusions
This study indicates that the embryonic niche and the differentiated niche provided by 
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